Abstract Objectives: We evaluated the effect of an angiotensin-converting enzyme inhibitor (enalapril) on renal function during and after the relief of partial unilateral ureteric obstruction (UUO). Materials and methods: Thirty-two male mongrel dogs were classified into three groups: sham (eight), control (12; left partial UUO + no medication) and study (12; left partial UUO + enalapril). Dogs in the study and control groups were subjected to 4 weeks of partial UUO. After that, the dogs were reopened and subjected to Lich-Gregoir vesico-ureteric re-implantation, and were killed humanely by the end of the eighth week after relief of obstruction. The study and control groups were evaluated at baseline, after 4 weeks of obstruction and at 4 and 8 weeks after relief of obstruction, by measuring selective creatinine clearance (CCr), selective renographic clearance (RCr) and renal resistive index (RI). The sham group had sham surgery at 4 and 8 weeks and was evaluated as the other two groups. Results: Sham surgery showed no significant effect on any of the evaluated variables. Compared with the control, enalapril offset the reductions of CCr and RCr by an extra 11% and 12% of the basal values by the end of the fourth week of obstruction, respectively. Moreover, compared with the control, enalapril enhanced the recovery of CCr by an extra 10% and of RCr by an extra 23% of the basal values at 8 weeks after relief of the 4-week obstruction. In addition, the increase in RI was significantly less in the enalapril group. Conclusion: Enalapril decreases the deterioration of renal function in partial UUO and enhances the recoverability of renal function after relief of obstruction.
Introduction
Obstructive uropathy is of great importance to clinicians because it is a common entity in all ages that is treatable and often reversible. Several integrating cellular and molecular events that soon prevail after ureteric obstruction (UO) ultimately lead to loss of renal function [1] . Renal cellular and structural changes in obstructive renal injury depend on the interaction between many mediators, including angiotensin II, TGF-b, nuclear factor j-B, TNF-a and endothelin [2] .
Angiotensin II, a potent vasoconstrictor, is produced following conversion of angiotensinogen into angiotensin I by the enzyme renin and subsequently, conversion of angiotensin I into angiotensin II by angiotensin-converting enzyme (ACE). Angiotensin II production is rapidly stimulated following the onset of renal obstruction and has been linked to many of the pathophysiological processes involved in renal obstruction, including alterations in renal haemodynamics, fibrosis and apoptosis [3] . The renin-angiotensin system (RAS) has been shown to have a significant role in the progression of virtually all renal disorders, and pharmacological inhibition of angiotensin II is a widely accepted therapy for attenuating or preventing renal deterioration. As urinary tract obstruction itself markedly activates the RAS, the rationale for angiotensin II inhibition in this setting would seem to be particularly strong [4] .
Enalapril is an effective, orally active, ACE inhibitor. In unilateral UO (UUO), angiotensin II blockade with enalapril markedly diminished tubular lesions and inflammatory cell infiltration [5] , reduced the monocellular infiltration of the kidney by monocytes/macrophages [6] , and decreased fibrosis, apoptosis and TGF-b expression in the obstructed kidney [7] .
The beneficial reno-protective effect of enalapril was explored during the obstruction phase of complete UUO [5] [6] [7] [8] [9] [10] [11] . To the best of our knowledge, the reno-protective effect of enalapril during and after relief of chronic partial UUO has never been explored.
The present study comprised a controlled experiment to evaluate the effect of enalapril on decreasing the deterioration of renal function in partial UUO; the effect of enalapril on the improvement of recoverability of renal function after relief of UO was investigated in a canine model.
Materials and methods
Thirty-two male mongrel dogs (aged 2-3 years, 18-25 kg) were used; eight dogs were designated as a sham group and underwent abdominal exploration. The bladder was opened, a 6 F ureteric catheter was inserted into the left ureteric orifice for 2 h to collect urine samples and a blood sample was taken from the left renal vein. The catheter was then removed and the bladder and wound were closed without induction of left UO.
In the remaining 24 dogs, left partial UO was created as previously described [12] . A 6 F ureteric catheter was inserted into the left ureteric orifice, and was cut 2 cm distal to the orifice and fixed into the bladder mucosa. The most distal part of the ureter was ligated around the catheter. The stylet of the 6 F ureteric catheter was inserted inside the lumen of the catheter, thus inducing a severe form of partial UO [12] . The procedures were carried out under general anesthesia using thiopental sodium (10 mg/kg) with endotracheal intubation and mechanical ventilation.
The dogs were classified into three groups: a sham group (eight dogs; sham surgery + no medication), a control group (12 dogs; left partial UO + no medication); and a (study) enalapril group (12 dogs; left partial UO + enalapril). Dogs in the last group were given enalapril at 0.5 mg/kg/day once daily in the drinking water (after overnight fasting of dogs) for the duration of the study [13] .
Dogs in the sham group had to sham surgery at baseline, 4 and 8 weeks, and were killed humanely thereafter. The enalapril and control groups had 4 weeks of left partial UO, and were then re-opened and subjected to Lich-Grigoir vesico-ureteric re-implantation. By the end of the eighth week after relief of obstruction, all dogs of the control and enalapril groups were explored and the left kidney was harvested. The dogs were killed at the end of the eighth week after relief of obstruction. The study was approved by the local ethical committee.
For the control and enalapril groups the evaluation included an estimation of selective endogenous creatinine clearance (CCr) through blood and urine samples collected from the corresponding kidney during surgery just before the induction of obstruction, during relief of obstruction (at 4 weeks of obstruction) and at death at the end of the 8th week after relief of obstruction. Two urine samples were collected, each for 2 h, from the corresponding ureter (the mean volume of urine produced for 2 h was multiplied by 12 to estimate the urine volume for 24 h), and blood samples obtained from the corresponding renal vein. Blood samples and the mean of two readings of urine samples were used to calculate the CCr from the equation of Edelstein and Cronin [14] , as (urine creatinine, mg/ dL, · urine volume, mL/24 h)/(serum creatinine, mg/ dLm · 1440 min).
The evaluation also included Doppler ultrasonography (DUS) with a measurement of renal resistive index (RI) of the corresponding kidney, and radioisotope renography, with calculation of the split function of the corresponding kidney. DUS and renography were carried out, as previously described [15] , at baseline before inducing obstruction, just before the relief of obstruction (after 4 weeks of obstruction) and at 4 and 8 weeks after relief of obstruction. Briefly, diuretic renography was conducted according to a standard protocol for all dogs. In each dog a urethral catheter was placed and normal saline was given intravenously (1 mL/kg/min for 15 min). The dog was placed supine on the scanning table and   99m Tc-MAG3 was injected intravenously in a dose of 2.1 MBq/kg, and a standard renal scan performed. After 20 min, 1 mg/kg furosemide was injected intravenously [15] .
DUS was done by one expert radiologist. After being sedated, the dogs were given intravenous normal saline (1 ml/ kg/min, 5 min) before Doppler studies and a urethral catheter was inserted. Infusion of normal saline to replace urine output was continued during the entire course of Doppler studies. DUS was conducted using the Voluson 730 Expert (GE Medical Systems, Milwaukee, USA) using a transducer frequency of 3.75 MHz. Renal morphology was studied in longitudinal and transverse planes. At least five Doppler spectra were obtained from more than three regions in each kidney in every study [15] .
The data from dogs of the three groups were compared at different times of assessment, with statistical analyses by the two-tailed Student's t-test, with P < 0.05 considered to indicate significance.
Results
All dogs survived the experiments without complications at sham surgery, after induction of UO or after vesico-ureteric re-implantation. An unobstructed pattern of the isotope renographic curve and a half-time drainage of <10 min showed relief of obstruction after vesico-ureteric re-implantation in all dogs with obstruction.
The mean values of CCr of the left kidney were comparable among dogs of the three groups at baseline; the sham-operated group showed stable CCr levels of the left kidney for the duration of the study (Fig. 1) . By the end of the fourth week of obstruction, the mean (SD) values of CCr of both the enalapril and control groups were significantly lower than in the sham group. The value for the enalapril group, at 33.1 (2.5) mL/ min, was significantly higher than that of 30.0 (1.4) mL/min in the control group at the end of the fourth week of obstruction (P < 0.01; Fig. 1 ). The CCr in the enalapril group, at 37.9 (1.8) mL/min, was also significantly higher than that of the control group, at 33.8 (2.6) mL/min, by the end of the eighth week after relief of obstruction (P < 0.01; Fig. 1 ).
At 4 weeks of obstruction the percentage decrease in the CCr was significantly lower in the enalapril group; compared to the control group, enalapril was associated with a lower reduction of CCr at 4 weeks of UO by 11% of the basal value. The ability of the kidney to regain its function at 8 weeks after relief of UO was significantly better in the enalapril than in the control group; enalapril enhanced the recovery of CCr at 8 weeks after relief of UO by an extra 10% of the baseline value compared with the control group.
The mean values of split renographic clearance (RCr) of the left kidney were comparable among dogs of the three groups at baseline. The sham group showed a stable split RCr level of the left kidney during the study (Fig. 2) .
By the end of the fourth week of obstruction, the mean values of split RCr of both the enalapril and control groups were significantly lower than for the sham group. The mean value of split RCr of the enalapril group, at 26.5 (3.9)%, was significantly higher than that in the control group, at 20.8 (3.1)% at the end of the fourth week of UO (P < 0.01; Fig. 2 ). The split RCr in enalapril group was significantly higher than in the control group at 4 and 8 weeks after relief of UO (Fig. 2) . At 4 weeks of UO the percentage decrease in split function of the corresponding kidney was significantly lower in the enalapril group. Compared with the control group, enalapril offset the reduction of split RCr at 4 weeks of UO by 12% of the baseline value. The ability of the kidney to regain its function at 8 weeks after relief of UO was significantly better in the enalapril than in the control group. Enalapril enhanced the recovery of split RCr at 8 weeks after relief of UO by an extra 23% of the baseline compared with the control group.
All renal units in the three groups showed satisfactory DUS examinations. There was no significant difference in the mean (sd) RI of the left kidney of the sham, control and enalapril groups, at 0.42 (0.04), 0.47 (0.03) and 0.47 (0.04), respectively, at baseline. The mean RI of the sham-operated group remained stable during the study (Fig. 3) .
After 4 weeks of obstruction there was a significant increase in mean renal RI from 0.47 (0.03) to 0.71 (0.02) in the control group, and from 0.47 (0.04) to 0.61 (0.03) in the enalapril group (P < 0.001 in both). By the end of the fourth week of obstruction, the mean RI of the enalapril group, at 0.61 (0.03), was significantly lower than that of the control group, at 0.71 (0.02) (P = 0.01). There was a marked decrease in the RI to near baseline values at 4 weeks after relief of UO in both the control, at 0.48 (0.02), and the enalapril, at 0.50 (0.04), groups. The follow-up of RI at 8 weeks after relief of UO showed almost stable values similar to those at 4 weeks after relief of UO, in both the control and study groups (Fig. 3) .
Discussion
Partial UO is a frequent clinical finding in patients with ureteric stones under medical treatment, those passing stone fragments after ESWL, those awaiting treatment and in some patients with an equivocal diagnosis of partial UO. In such situations, using medication which can protect the kidney against the harmful effects of UO is clinically very important. The obvious treatment for obstructive uropathy is the relief of UO, but some studies showed that the harmful effects of renal obstruction might continue even after relieving the UO [16] . Therefore, a search for drugs that can augment the recoverability of renal function after relieving UO would be invaluable.
The present study was a controlled experiment aiming to evaluate the role of an ACE inhibitor (enalapril) in protecting the kidney during the obstructive phase of chronic partial UUO, and to determine its role in the improvement of recoverability of renal function after relieving UO; as far as we are aware, these objectives have not been achieved in previous reports.
Previous studies reported the reno-protective effect of enalapril in complete UUO. It attenuates the progression of the fibrogenic process of UUO [5] and reduces the monocellular infiltration of the kidney by monocytes/macrophages [6] . In a recent study, enalapril decreased fibrosis, apoptosis and TGF-b expression in the obstructed kidney [7] . Treatment with enalapril prevented angiotensin II-stimulated circulating lymphocyte apoptosis, resulting in an improvement in lymphocyte cell immunity and the host defense mechanism [8] .
The present study showed, for the first time, that enalapril can also protect renal function during partial UUO. Enalapril significantly prevented the deterioration of both chemical and RCr of canine kidneys subjected to partial UUO for 4 weeks. Compared with the control, enalapril ameliorated the reduction of split renal function at 4 weeks of UO by 12% of the baseline value.
In a previous study, TNF-a and TGF-b mRNA and their proteins were reduced to near normal levels, and a-smooth muscle actin expression and myofibroblast proliferation were inhibited with enalapril treatment [9] . After release of UUO, enalapril accelerated remodeling of the renal interstitium in rats [10] , and stimulated the production of nitric oxide through an increased expression of the endothelin receptor [11] .
Treatment with the ACE inhibitor quinapril resulted in markedly diminished tubular lesions and inflammatory cell infiltration compared with untreated groups, implicating angiotensin II in renal damage progression after UUO. Beharrie et al. [17] examined weanling male rats that had been subjected to partial UUO; the partial UO led to proteinuria and hyperuricaemia, but a parallel group of rats treated with the ACE inhibitor enalapril was protected from these changes. This suggests that angiotensin is also involved with functional tubular changes [17] . In UUO, ACE inhibitor prevented the increase in renal vascular resistance in response to angiotensin-II in the rat kidney [18] .
Several investigators reported various factors that might affect the recovery of renal function after relief of UO, including the duration of obstruction, function of the contralateral kidney, age, pyelo-lymphatic backfIow, compliance of the ureter and renal pelvis, presence or absence of infection, concurrent nephrotoxic medications, contrast materials and dysplasia in the kidney [19] [20] [21] . In dogs with complete UUO for 7 days, the GFR at 1 h after the relief of UO was 25% of the basal GFR, and maximum recovery was 58% of the baseline, and this occurred within 57 days [22] . Similar studies were conducted by Vaughan and Gillenwater, who showed full functional renal recovery at 2 weeks after a 7-day period of complete UUO in dogs. This result declined to 70% recovery of GFR after 14 days of UUO, 30% after 4 weeks of UUO, and no recovery after 6 weeks of UUO [23] .
Klahr and Morrissey [24] showed that bone morphogenic protein 7, a structural relative of TGF-b, was effective in preventing the tubulointerstitial changes and accelerating the return of renal function in a rat model of UO. They showed that this agent inhibited apoptosis. This group also reported that the administration of hepatocyte growth factor has similar beneficial effects, and proposed that it works by suppressing expression of TGF-b and platelet-derived growth factor. Pirfenidone is a drug that purportedly inhibits collagen synthesis, down-regulates the production of several cytokines, and blocks fibroblast proliferation. It might be another candidate to attenuate UO-induced renal injury and facilitate renal remodeling [25] .
To the best of our knowledge, the effect of enalapril on the enhancement of recoverability of renal function after relief of UUO has not been studied previously. In the present study we showed that, compared with the control, enalapril can enhance the recovery of RCr at 8 weeks after relieving a 4-week UO by 23% of the basal value.
The induction of UUO is associated with an increase in the renal RI of the obstructed kidneys that is normalized after relief of UO, whatever its degree [21] [22] [23] [24] [25] [26] . In our study the increase in RI was significantly less in the enalapril group. The significant decrease of renal RI in enalapril-treated dogs is a result of decreased vascular resistance due to its vasodilatory effect on the renal vasculature. This mechanism might explain the protective effect of enalapril against UUO.
In conclusion, enalapril decreases the deterioration of renal function in partial UUO and enhances the recoverability of renal function after relief of UO. Other studies should be conducted to consolidate our results before recommending the use of enalapril in clinical practice for managing patients with obstructive uropathy. 
